Chi ral Ag nanowires (CAgNWs), fabricated inside chiral carbon nanotubes (CCNTs), exhibit strong circular dichroism (CD) signals in the visible and near-IR regions. Enantiopure CCNTs were prepared by carbonization of the self-assembled chiral polypyrrole nanotubes according to our previous report. Ag ions could be easily introduced into the chiral pores of CCNTs due to the capillary phenomenon. After hydrogen reduction, the optically active CAgNWs formed inside the channels of the CCNTs. The helical channels in the CCNTs played a predominant effect on the chiral formation of the CAgNWs. This system provides new insight into the fabrication as well as the study of optical activity (OA) of chiral inorganic nanomaterials. Such novel chiral inorganic material will bring new opportunities in non-linear optics, biosensors and chiral recognition.
INTRODUCTION
Metallic nanomaterials (nanowires and nanoparticles) are widely considered as potential structural and functional building-blocks for materials in catalysis, separation, optics, and nanoelectronics [1−4] . Many properties of these materials are predicted to be dependent on their size, shape, and spatial arrangement [5, 6] . Among them, the chirality of metallic nanomaterials receives arising attention because it offers the ability to achieve strong optical activity (OA) over a broad spectral range [7−9] . This is the effect of the difference in speed and absorption of the leftand right-handed circularly polarized light when passing through the chiral materials. Such chiral plasmonic nanostructures provide potential applications in asymmetric catalysts [10, 11] , optical devices [12] and biological sensors [13−16] .
Since Schaaff and Whetten [17] firstly reported the chiral glutathione-protected Au nanoparticles (NPs) exhibiting particular OA in surface plasmon resonance, diverse types of chirality in metal NPs have been found to create plasmonic circular dichroism (CD) [18] . These systems include metal NPs capped with various small chiral molecules, or biological macromolecules such as DNA [19−22] , amino acids [23−28] , peptides [29−31] teins [32, 33] . Moreover, MacLachlan᾽s group used chiral nanocrystalline cellulose as hard template to prepare chiral nematic cellulose-silver [34] and -gold [35] NP composites. However, these types of chirality in metal NPs rely on the capped chiral molecules, which are unstable under severe conditions, such as high temperature.
Recently, we have obtained chiral arrangement of Ag NPs and nanowire arrays in chiral mesoporous silica by hard template method [36, 37] , which resulted in the OA in surface plasmon resonance based on chiral superstructure of assembled NPs. However, the origin of the chiral OA by hard template method is so complicated that more efforts are needed to reveal the mechanism.
Herein, we present the synthesis of chiral Ag nanowires (CAgNWs) which features collective intrinsic property of OA by a simple hard template method. Notably, the Ag nanowires are chiral, which are extremely rare [38−41] . For the preparation of ordered nanoarchitecture, hard template method has many advantages, especially in its stability, predictability, controllability and versatility. The synthesis method involves directly casting of Ag ions in chiral carbon nanotubes (CCNTs), subsequent reduction of the metal precursors into CAgNWs in H 2 . The resulted materials with CAgNWs embedded, which endows them distinct OA, responding to circularly polarized light. To the best of our knowledge, this is the first example of organizing metal into CCNTs with OA, and such method can be extended for preparing other functional metal composites.
As shown in Scheme 1a, the CCNTs were synthesized by the method described in our previous report [42] . Fig. 1a shows the chiral double helix carbon nanotubes. The white colour region in the middle of chiral carbon nanotube stands for helical pores after carbonization in Ar. Then, CCNTs were employed as hard templates to fabricate CAgNWs. Silver ions could be easily introduced into the chiral pores of CCNTs due to the capillary phenomenon. After hydrogen reduction, the CAgNWs were formed inside the channels of the CCNTs by the impregnation of AgNO 3 (Scheme 1b). The gray colour region in the middle of chiral ARTICLES SCIENCE CHINA Materials carbon nanotube in Fig. 1b represents the formation of chiral Ag nanowire. This procedure granted the samples with left-and right-handed helical orientations, which were denoted as L-and R-C-Ag, respectively.
EXPERIMENTAL DETAILS Preparation of chiral hard templates of CCNTs
Firstly, the CCNTs derived from chiral polypyrrole (CPPy) nanotubes by carbonization in an inert gas were synthesized by a modified method according to our previous report [42] . Typically, the molar composition of lipid amphiphilic molecule:ammonium persulfate (APS):pyrrole: methanol:water was 1:40:40:5351:57081. In a typical synthesis, 0.06 mmol of C 18 -D-Glu was dissolved in 10.2 g methanol at room temperature, and then 2.4 mmol pyrrole and 60 mL deionized water were added. The solution was stirred for 10 min, and then a precooled aqueous solution of APS (2.4 mmol in 1.2 mL deionized water) were added to the mixture and stirred for a further 30 min. A brown solid was obtained after filtrating and thrice-washing with water and ethanol, followed by drying for 12 h at 40 o C in vacuum. For the carbonization of the CPPy nanotubes, the synthesized products were heated at a rate of 1. to 550 o C under Ar flow, for 6 h. After slowly cooling the sample to room temperature, CCNTs were obtained.
Synthesis of CAgNWs@CCNTs
In a typical synthesis, CCNTs powder (20 mg) was dispersed in an aqueous solution of AgNO 3 (2 mL, 10 mg mL −1 ), and then stirred for 30 min at room temperature. The mixture was reacted statically for 3 h. The water was evaporated slowly in a rotary evaporator and then washed with acetone to remove the Ag ions bounded to the outer surface of the CCNTs. Subsequently, the obtained solids were dried in a vacuum oven at room temperature. The collected samples were placed in a tube furnace, and the metal precursors were reduced under a constant H 2 flow at 120°C for 6 h. The temperature was increased from room temperature to the desired temperature at a rate of 1.0°C min −1 . A dark yellow powder was collected after the tube furnace was cooled to room temperature.
Characterization
The microscopic characteristics of the samples were observed with JEOL JSM-7401F scanning electron microscope (SEM). Transmission electron microscopy (TEM) observation was performed with a JEOL JEM-2100 microscope operating at 200 kV. The X-ray diffraction (XRD) patterns were recorded on a Rigaku D/Max 2000 powder diffractometer equipped with Cu Kα radiation. The solid-state diffuse-reflectance circular dichroism (DRCD) and diffuse reflectance UV/vis (DRUV/vis) spectra of the powder samples were obtained on a JASCO J-815 spectropolarimeter fitted with a DRCD apparatus. 
RESULTS AND DISCUSSION
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diameters of the CCNTs are ~100 nm and the pitch length is estimated to be ~200 nm (the length between the arrows indicated in Figs 1a 3 and b 3 is the pitch length). After the uniform filling of Ag NWs into the CCNTs by hydrogen reduction, the outer diameters slightly decrease due to the shrinkage by hydrogen reduction at high temperature for a long time. However, the double helical morphology is well-maintained even after long-time reduction in H 2 , which shows the high memory capability of morphology (Figs 1a 2 and b 2 ). Figs 1a 3 and b 3 are high resolution SEM images of L-C-Ag and R-C-Ag, respectively. Obviously, there is no Ag NPs on the surface of the CCNTs.
Figs 2a and b are the TEM images of the Ag NWs within the L-C. Dark, wirelike objects with a uniform diameter of about 10 nm are observed within the CCNTs, which is smaller than the diameter of the channel (~20 nm) [42] . When the helical radius is larger than the diameter of single chiral fibers which form double helix, the helical pores will form in the middle of the double helical carbon nanotubes. Along with the shrinkage of the outer diameter, the channels also shrink by hydrogen reduction at high temperature for a long time. Although the single stranded helical morphology of Ag NW inside the CCNT can be clearly observed from the TEM images (Fig. 2b) , it is hard to clearly see the pitch length of single stranded helical Ag NW due to the high pitch length/diameter ratio. It can be observed that the Ag NWs are not continuous in some areas because the CCNTs are so long that the Ag ions are unable to fill all of the pores. Fig. 2c shows the single L-C-Ag. As shown in Fig. 2d , the energy dispersive X-ray detector (EDX) analysis of the L-C-Ag indicates that Ag element is in each carbon nanotube. The results suggest that these Ag NWs are oriented in the helical pores.
The XRD pattern (Fig. 3) of the L-C shows a broad diffraction peak at 2θ ≈ 25° because the CCNTs are amorphous. The wide-angle XRD patterns of the L-C-Ag reveals four diffraction peaks at 2θ = 38.1°, 44.3°, 64.5°, and 77.58° (Fig. 3) , which are assigned to the (111), (200), (220), and (311) reflections of a face-centered cubic silver lattice, respectively.
The CD can be used to measure the differential absorption of left-and right-handed circularly polarized light, and the CD activity indicates a chiral structure, which can be detected by DRCD. Fig. 4 shows the DRCD spectra of two pairs of the antipodal L/R-C and L/R-C-Ag samples. The 
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antipodal CCNTs show obvious mirror-image CD signals with a peak at ~460 nm, which indicates that the optically active CCNTs can selectively reflect left-or right-handed circularly polarised light in the UV absorption region through a vicinal effect of the helical stacking of carbon nanostructure. A broad absorption band in the range of 350−800 nm is attributed to the CCNTs, resulting from the combination of nano effect, polarization, and π-conjugated structure.
For the L/R-C-Ag materials, the DRCD spectra show the overlapped signals attributed to the CAgNWs and CCNTs. L/R-C-Ags show symmetric sharp peaks at the wavelength of ~320 nm and broad peaks in the range of 350−800 nm. The characteristic band at 320 nm of L-C-Ag is a result of the absorption of inhomogeneous Ag NWs near the region of the inter-band transitions due to surface plasmon resonance optical signatures of silver nanowires [43−45] . The decreased intensity of broad peak in rang of 350−800 nm also may be due to negative cotton effect on CD signals of L-C-Ag at 350−800 nm based on the coupled dipole and exciton coupling theory. Moreover, the CD intensity of L-C after reduction in H 2 decreases due to partial deformation at high temperature for a long time (as shown in Fig. 5 ), which leads to the decreased CD intensity in the range of 350−800 nm for L-C-Ag (as shown in Fig. 4) .
CONCLUSIONS
In conclusion, we have successfully prepared chiral Ag NWs with a distinct helix by using CCNTs as hard templates. These novel chiral Ag NWs supported by CCNTs exhibit distinctive plasmon CD signals, which originates from the collective plasmon coupling of the CAgNWs. It is possible to produce other metallic chiral NWs by using metals such as Pt and Au with a similar synthetic procedure. This approach provides the possibility of exploiting the optical and electronic properties of intrinsically chiral metallic compounds for electronics, sensing, and electrochemical applications. 
